We aimed to describe the outcome of a computerized intravenous insulin infusion (CII) protocol integrated to the electronic health record (EHR) system and to improve the CII protocol in silico using the EHR-based predictors of the outcome. Methods: Clinical outcomes of the patients who underwent the CII protocol between July 2016 and February 2017 and their matched controls were evaluated. In the CII protocol group (n=91), multivariable binary logistic regression analysis models were used to determine the independent associates with a delayed response (taking ≥6.0 hours for entering a glucose range of 70 to 180 mg/dL). The CII protocol was adjusted in silico according to the EHR-based parameters obtained in the first 3 hours of CII. Results: Use of the CII protocol was associated with fewer subjects with hypoglycemia alert values (P=0.003), earlier (P=0.002), and more stable (P=0.017) achievement of a glucose range of 70 to 180 mg/dL. Initial glucose level (P=0.001), change in glucose during the first 2 hours (P=0.026), and change in insulin infusion rate during the first 3 hours (P=0.029) were independently associated with delayed responses. Increasing the insulin infusion rate temporarily according to these parameters in silico significantly reduced delayed responses (P<0.0001) without hypoglycemia, especially in refractory patients. Conclusion: Our CII protocol enabled faster and more stable glycemic control than conventional care with minimized risk of hypoglycemia. An EHR-based adjustment was simulated to reduce delayed responses without increased incidence of hypoglycemia.
INTRODUCTION
Hyperglycemia is associated with poor prognosis and increased mortality in critically ill patients [1] [2] [3] and is also a strong risk factor for surgical site infection [4] . In 2001, van den Berghe et al. [5] reported that tight glycemic control with intravenous insulin therapy in critically ill patients in a surgical intensive care unit (ICU) significantly lowered mortality. However, several multicenter randomized controlled studies failed to reproduce the decreased mortality with tight glycemic target (80 to 110 mg/dL) findings [6] [7] [8] . Consequentially, the American Association of Clinical Endocrinologists and the American Diabetes Association currently recommend a targeting range of 140 to 180 mg/dL in both critically and non-critically ill patients [9] .
At least in part, failure of intensive insulin therapy to reduce mortality in critically ill patients has been attributed to resultant increase in hypoglycemia [10, 11] . In a previous study [11] , which evaluated 3,116 patients on IV insulin, almost one-third of the patients had suffered at least one episode of acute hypoglycemia (glucose level <60 mg/dL), and over 8% had severe acute hypoglycemia (glucose level <40 mg/dL). Although several studies of computerized intravenous insulin infusion protocols (CIIs) reported improved glycemic control and reduced hypoglycemia compared to paper-based protocols [12] [13] [14] [15] [16] , most of these studies either applied the CIIs only in the ICU rather than a general ward setting, or the software required frequent blood glucose measurement, sometimes requested in 30 minutes, making the protocol inappropriate in the general ward of most hospitals. More importantly, most of the target glucose range of these CII protocols were lower than the recommended glucose range of 140 to 180 mg/dL, failing to achieve nearelimination of hypoglycemia in most studies [12] [13] [14] [15] [16] .
We developed a CII protocol fully integrated into the electronic health record (EHR) system for use in both the general ward and ICU, with a target glucose range of 140 to 180 mg/dL. This was fully integrated to the insulin prescription module in the EHR, eliminating the need for an additional record of glucose measurement and insulin dosing. The protocol was used in all hospital units, including general wards, ICUs, and emergency rooms. The purpose of this study was to describe the clinical outcome of our CII protocol and to adjust the CII protocol in silico using the factors independently associated with delayed target blood glucose achievement.
METHODS
The protocol of this study was approved by the Institutional Review Board (IRB) of Samsung Medical Center (IRB file No. 2017-04-036-006). Informed consent was waived by the board.
Study participants and setting
The study was conducted in an academic tertiary care facility (Samsung Medical Center, Seoul, Korea) where a CII protocol was launched in June 2016. After launching the CII protocol, it had been advised to use in the patients with various potential indications for intravenous insulin therapy [17] . In perioperative cases, the CII was recommended when the patients underwent prolonged fasting for major surgery and had either glycosylated hemoglobin >8% or random glucose of >180 mg/dL at the day before operation. The CII protocol was applied at the initiation of fasting in perioperative period. We screened the 132 cases with the CII protocol between July 2016 and February 2017. Excluding the cases with less than three glucose measurements (n=11) and those with violation of the protocol (n=8), a total of 113 cases were included. Study participants in which the protocol targeting blood glucose was 100 to 140 mg/dL (n=2, patients who underwent cardiovascular surgery) and 200 to 299 (n=6, patients with hyperglycemic hyperosmolar state) were also excluded, leaving only those study participants who used the protocol targeting blood glucose range of 140 to 180 mg/dL (n=105) for inclusion in further analyses ( Fig. 1 ). For each patient who used the protocol targeting blood glucose range of 140 to 180 mg/dL, a control patient was randomly selected by exact and propensity score matching. Controls were exactly matched for basal glucose level (mg/dL) category at the initiation of intravenous insulin infusion (<180, 180 to 249, ≥250 mg/dL), age group (10-year interval), reason for insulin infusion (perioperative, continuous enteral feeding, diabetic ketoacidosis [DKA], fasting for other reasons), and setting of admission (ICUs vs. general wards). Controls were also matched for the propensity score generated by other matching variables such as body mass index (<25 and ≥25 kg/m 2 ), and estimated glomerular filtration rate (<60 and ≥60 mL/min/1.73 m 2 ). Sixty controls were selected from the clinical database of 3,913 patients who underwent a conventional intravenous insulin infusion protocol, such as a modified version of Alberti's regimen, from January 2012 to June 2017 in Samsung Medical Center, Seoul, Korea.
Among the 105 cases who used the CII protocol, 91 were studied in the multivariable analysis to identify the independent variables associated with delayed achievement of target blood glucose. The other 14 cases were excluded because of being within the target range from initiation of CII. The 91 cases were studied for glycemic outcomes including time required to achieve target blood glucose and percentage of time in target ranges. After determining the median time required to reach target blood glucose range using a Kaplan-Meier curve, these 91 cases were divided into good (less than median time) or poor (greater than or equal to median time) responder groups. The cases that failed to reach target range (n=7) were included in the poor responder group.
CII protocol
The CII protocol was fully integrated into an EHR system so that no additional manipulation other than insulin prescription was required. When nurses input a patient's current blood glucose level, the protocol automatically calculates insulin dose and time interval for next blood glucose check. The scheme for calculation of insulin dose adjustment was based on the Yale Insulin Infusion Protocol [18] , but the target glucose range was adjusted to 140 to 180 mg/dL instead of 100 to 140 mg/dL (Supplementary Table 1 ). Blood glucose levels were checked with conventional fingerstick glucometers. The time interval for the next blood glucose check was set at 1 hour at onset of the CII protocol or when the previous blood glucose was not within the target range. If two consecutive blood glucoses are within the target range, the CII protocol instructs the user to increase the time interval for the next blood glucose check to 2 hours and then to 4 hours if an additional two blood glucoses are within the target range. If blood glucose is less than 70 mg/dL, the CII protocol orders immediate stoppage of insulin, initiation of 50% dextrose fluid infusion, and blood glucose recheck every 15 minutes until the blood glucose level recovers to 110 mg/dL. If the rechecked blood glucose rises above the target, the CII automatically calculates the reduced dosage of insulin to be infused.
Identification of clinical and glycemic factors independently associated with time required to reach target blood glucose range
We retrospectively reviewed clinical characteristics and glycemic outcomes of the cases with CII protocol and their controls. We extracted clinical information including age, sex, prior history of diabetes, and reason for instituting the insulin infusion protocol and selected laboratory results from the EHR system of Samsung Medical Center.
Glycemic outcomes were compared between good and poor responder groups according to median time required to reach target blood glucose range among the 91 cases. We compared clinical characteristics and glycemic parameters between the good and poor responder groups and constructed a multivariable analysis model to identify the factors independently associated with delayed target achievement. Clinically significant hypoglycemia was defined as blood glucose less than 54 mg/dL, and the hypoglycemic alert value was defined as blood glucose less than 70 mg/dL. We considered a blood glucose level between 70 to 180 mg/dL, which has been used as a primary endpoint for most clinical trials of artificial pancreas [19] , as a clinically acceptable range of glucose levels. Calculated percentage of time in a glucose range of 70 to 180 mg/dL and time required to reach a glucose range of 70 to 180 mg/dL were analyzed.
In silico evaluation
To confirm whether the time to target blood glucose achievement can be reduced by temporarily increasing the insulin infusion rate, we developed an in silico patient group from the abstracted clinical CII data and simulated the outcome according to adjustment of insulin infusion rate in in silico patients.
This adjustment was conducted in the presence of the factors found to be independently associated with delayed target achievement. Among the subjects included in the multivariable analysis, the in silico patients were developed from 35 cases. Excluded patients included those with an uncertain rate of glucose appearance such as patients in which continuous enteral feeding was applied or an evening meal was given right before initiation of the CII protocol so that uncertain glucose appearance through the gastrointestinal pathway might occur. Also excluded were patients in whom the number of blood glucose measurement points were less than 10, having nonpositive degrees of freedom. The patients whose target blood glucose was not reached during the CII periods were also excluded.
The virtual patients used Van Herpe's ICU minimal model (ICU-MM) [20] as a mathematical basis. For development, estimation was performed on nine glucose and insulin-related model parameters including basal glycemia and basal insulin. The ICU-MM was implemented in the Simbiology toolbox of MATLAB (R2018a; MathWorks, Natick, MA, USA) assuming the initial state to be basal. Initial parameter setting for optimization was set to the mean value of the 'obese-low glucose tolerance patient group, ' as described in Bergman et al. [21] . Actual blood glucose values were used as initial search points of basal glycemic estimation.
For simulation, the in silico patient model and CII protocols were implemented in Simulink (MATLAB R2018a). We categorized each factor found to be independently associated with delayed target achievement according to the cut-off values determined by Youden index in receiver operator characteristics (ROC) analysis. Additional insulin was infused when each parameter met the cut-off value. The insulin infusion rate was increased differentially according to the currently calculated insulin infusion rate (Supplementary Table 2 ). was performed with the factors for which the P value was less than 0.2 in univariable analysis. Paired t-test was used to compare the time required to achieve a glucose range of 70 to 180 mg/dL before and after in silico adjustment of insulin infusion rate. Statistical analyses were performed with SPSS version 25 (IBM Co., Armonk, NY, USA) and R 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria). 
Statistical analysis

RESULTS
Clinical characteristics of and glycemic outcomes in each subject group
The baseline characteristics of all the subjects who used the CII protocol targeting a blood glucose range of 140 to 180 mg/dL (n=105) are shown in Table 1 . ICU patients accounted for 40.9% of cases with the CII protocol. The most common reason for use of the CII protocol was fasting in the perioperative period. In the 105 total patients, two cases with hypoglycemic alert value (glucose level <70 mg/dL) were reported. One case was due to sudden discontinuation of enteral feeding without adjustment of insulin infusion rate. The other case showed a blood glucose level of 69 mg/dL and successfully recovered to the target blood glucose range in 23 minutes with an automat-ed algorithm for hypoglycemia in the CII protocol. No clinically significant hypoglycemia (glucose level <54 mg/dL) was reported in these patients. All of the 10 subjects who used the CII protocol for managing DKA were fully recovered from acidemia and met the criteria for transition to subcutaneous insulin therapy (glucose <200 mg/dL and two of the following; serum bicarbonate ≥15 mEq/L, venous pH >7.3, and anion gap ≤12 mEq/L) at the end of the CII protocol. Among the 105 subjects who used the CII protocol, 60 patients whose matched controls were available were included in the case-control analysis (Supplementary Table 3 ). Use of the CII protocol was associated with fewer subjects with hypoglycemia alert values (1 case vs. 12 cases in cases and controls, P=0.003), earlier achievement of a glucose range of 70 to 180 mg/dL (6.0 hours vs. 10.0 hours, P=0.002), and greater per- Table 4 ). No patients in the cases, but two patients in controls, had clinically significant hypoglycemia (glucose level <54 mg/dL). In the 105 subjects who used the CII protocol, the median time required to achieve a glucose range of 70 to 180 mg/dL was 6.0 hours. The cases that took less than 6.0 hours were clas- sified as a good responder group, and the cases that took 6.0 or more hours or those could not reach target range were classified as a poor responder group. The clinical characteristics of the two groups are compared in Table 2 . The poor responders included more ICU patients (56.0% vs. 31.7%, P=0.02) and more patients with no prior treatment or newly diagnosed diabetes (46% vs. 19.5%, P=0.005). Although the good responders showed higher percentage of time in a glucose range of 70 to 180 mg/dL than poor responder group in overall (64.09± 23.41 vs. 38.77±23.54, P=0.000), the % time in a glucose range of 70 to 180 mg/dL was not significantly different between groups after achieving a glucose range of 70 to 180 mg/dL (Supplementary Table 5 ). Although mean glucose levels were similar between groups after achieving a glucose range of 70 to 180 mg/dL, glucose levels of good responder group decreased rapidly in first few hours while those of poor responder group decreased slowly in first 2 hours with higher baseline glucose levels. The insulin requirement of poor responder group continuously increased during the first 5 hours, whereas the insulin requirement decreased in good responder group (Fig. 2) .
Factors independently associated with poor responder group
To find factors independently associated with poor responder group, we constructed multivariable analysis models including clinical and glycemic parameters as covariates. In multivariable analysis model 1, the factors that could be determined at the initiation of the protocol were included. The covariates included the initial blood glucose level and other clinical factors such as age, sex, ICU or non-ICU patients, prior treatment for diabetes, and reason for insulin therapy. Among the covariates, initial blood glucose level and prior treatment for diabetes were selected by forward stepwise variable selection (Table 3 ). In multivariable model 2, we added the glycemic parameters that can be obtained within 3 hours after initiation of the CII protocol. The final model included initial blood glucose (odds ratio [OR], 1.027; 95% confidence interval [CI], 1.011 to 1.043), blood glucose change in first 2 hours (OR, 1.019; 95% CI, 1.002 to 1.036), and change in insulin infusion rate in first 3 hours (OR, 1.747; 95% CI, 1.058 to 2.885) ( Table 3 ).
In silico improvement of the CII protocol by automatic adjustments
Based on the cut-off values determined by ROC analysis, additional insulin infusion was applied when any of the following conditions was met: (1) initial blood glucose was greater than or equal to 233 mg/dL; (2) decrease in blood glucose was less than or equal to 6 mg/dL at 2 hours; or (3) decrease in insulin infusion rate at 3 hours was less than or equal to 0.5 U/hr. Simulation was performed in the 35 in silico patients. Before additional insulin infusion was performed, 21 and 14 subjects were in the good and poor responder groups, respectively.
Additional insulin infusion at the early glycemic predicting points resulted in a significant reduction in median time required to achieve a glucose range of 70 to 180 mg/dL (286 to 261 minutes) overall (P<0.0001 for paired t-test). The median time required to achieve a glucose range of 70 to 180 mg/dL was changed from 213 minutes (range, 22 to 352 minutes) to 213 minutes (range, 22 to 312 minutes) in the good responder group (P=0.0004 for paired t-test), and from 549.5 minutes (range, 365 to 1,089 minutes) to 428.5 minutes (range, 281 to 852 minutes) in the poor responder group (P =0.0003 for paired t-test), with a significantly greater reduction in time to achieve a glucose range of 70 to 180 mg/dL in poor responder group (P=0.0005). This resulted in reclassification of three subjects into the good responder group (Fig. 3) . In this simulation, additional insulin infusion did not cause any hypoglycemic events (blood glucose <70 mg/dL). 
DISCUSSION
This study describes the clinical outcome of a fully EHR-integrated CII protocol that enabled faster and more stable glyce-mic control than conventional care with minimized risk of hypoglycemia. The convenience achieved by full integration to EHR allows application of this CII protocol in both critical and non-critical care settings. Furthermore, an automatic adjustment taking advantage of the fully EHR-integrated feature significantly improved the time required to achieve target glucose level in our in silico simulation without increased incidence of hypoglycemia.
The low proportions of patients with hypoglycemia alert value (two of 105 patients) and absence of clinically significant hypoglycemia in our study population are distinguishing aspects of our CII protocol from previous CII protocol reports. Subsequent case-control analysis (n=60) also showed fewer proportion of the subjects with hypoglycemia alert values, and better quality of glycemic control in terms of earlier achievement of euglycemia and greater percent time in a glucose range of 70-180 mg/dL in the subjects who used the CII protocol. Several previous studies have demonstrated lower mean glucose level and fewer hypoglycemic patients managed by CII protocols than those of paper-based protocol controls [12, [14] [15] [16] 18, 22, 23] . Recently, Marvin et al. [24] compared the outcome of several CII protocols having different target blood glucose ranges of 100 to 139, 120 to 140, and 140 mg/dL as a fixed threshold. The proportion of protocol use period with hypoglycemia alert values (glucose <70 mg/dL) was 17.2%, 7.56%, and 5.8%, respectively. After their protocol was modified to include the addition of mid-protocol bolus insulin, the proportion was reduced to 0.095% [24] . However, the modified protocol required additional workload including hourly blood glucose checks and additional bolus doses of insulin, which are difficult to institute in settings outside of the ICU [24] . The CII protocol in our study adopted a higher target blood glucose range (140 to 180 mg/dL) than the previous studies, while allowing blood glucose check intervals no less than 1 hour and up to 2 to 4 hours after blood glucose stabilization. Therefore, caregiver workload was substantially reduced after entering euglycemia, and specialized equipment or continuous glucose monitoring was not required. Although 40.9% of our study population was in critical care setting, clinically significant hypoglycemia was absent even in ICU patients, in contrast to the findings of the previous studies conducted in ICU showing higher rate of hypoglycemia [12, [14] [15] [16] 18, 22, 23] but consistent with a recent preliminary report of a bedside computerized decision-support tool targeting the blood glucose range of 140 to 180 mg/dL in mixed ICU [25] . Although elimination of perioperative hypoglycemia has been also achieved with artificial pancreas systems even with lower blood glucose target [26] [27] [28] [29] , use of these systems in critical care settings with decreased blood perfusion would require specialized equipment and continuous peripheral blood sampling. In this study, the median time required to enter a blood glucose range of 70 to 180 mg/dL was 6 hours. Because entering euglycemia in 6 hours might secure 12 to 18 hours duration of euglycemia before operation if the patients were admitted the day before the operation, we grouped the cases with the CII protocol into good and poor responders according to whether the time required to enter a blood glucose range of 70 to 180 mg/dL was less than 6 hours. We also found that the most distinct differences of changes in glucose levels and insulin requirement over time between good and poor responders were obtained during the first 2 to 3 hours, but it became stable after the glucose levels entered the range of 70 to 180 mg/dL except in only a few patients with exceptionally long duration of using the CII protocol. Therefore, we focused on reducing the time required for achievement of a glucose range of 70 to 180 mg/dL through automatic adjustment based on the information gathered in the first 2 to 3 hours of CII. To improve our CII protocol, we started with identifying several clinical and glycemic factors related to delayed achievement of target glucose range through multivariable analyses. Among the covariates available at initiation of the CII, 'no prior treatment for diabetes' was an independent risk factor for the poor response. This is in line with the previous reports that inpatient hyperglycemia without prior diagnosis of diabetes, commonly from the stress and highly catabolic status, is associated with the highest risk for perioperative complications [30] . When we constructed Model 2 in this study by adding the covariates from glycemic factors during the first 3 hours of CII to the clinical covariates, all of the chosen covariates were glycemic factors rather than the clinical factors.
Indeed, in our in silico simulation, we found that temporarily increasing insulin infusion rate based on the glycemic factors found in Model 2 shortened the time required to achieve a glucose range of 70 to 180 mg/dL. More prominent reduction in the time to achievement of a glucose range of 70 to 180 mg/dL was observed in the poor responder group. Importantly, such an improved outcome was achieved without causing hypoglycemia in the CII simulation. These results indicate that delayed achievement of target blood glucose in this CII protocol, presumably due to the relatively high target blood glucose range, could be individually prevented. In clinical settings where a CII protocol is available and adjustable, prevention could be achieved by applying a simple calculation based on the variables available in the first 3 hours of the CII. Alternatively, when CII protocols are not available, it could be practically suggested that increasing insulin infusion rate when the patients have a high glucose level (greater than or equal to 233 mg/dL) along with slow progress in lowering glucose levels and insulin requirement could be an option for rapid glucose stabilization.
We recognize limitations in this study. This was a single center study with a limited number of cases because the CII protocol was recently launched; a limited number of patients had sufficient numbers of blood glucose measurements required for generation of an in silico model. Further study with a large number of qualified in silico patients and an actual clinical trial will enable development of a more optimized CII protocol for generalized use.
In conclusion, our EHR-integrated CII protocol successfully maintained target glucose level with minimized risk of hypoglycemia. We identified parameters available during the first 3 hours of CII that were independently associated with delayed target achievement and used these parameters in this CII to shorten the time required for target blood glucose achievement in our in silico patients.
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